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For the first time to our knowledge, we demonstrate a collinear frequency-resolved optical gating (FROG)

technique that is suitable for the characterization of sub-10-fs pulses.

This FROG variant does not suffer from

geometrical blurring effects, and a temporal resolution of 1 fs can be achieved without the need for additional

aperturing. The apparatus is suitable for subnanojoule pulse energies.
characterization of pulses from a Kerr-lens mode-locked Ti:sapphire laser.
320.0320, 320.5550, 320.7100, 120.5050.
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Pulses of two optical cycles or fewer have been gen-
erated by external pulse compression,'? optical para-
metric amplification,’ and more recently directly from
laser oscillators.*® The strongly modulated spectra
observed in these experiments indicate a fairly com-
plex pulse shape. For this situation, pure autocorre-
lation methods can provide only a rough estimate of
pulse duration. Among the methods that allow for a
more precise characterization, frequency-resolved op-
tical gating® (FROG) has found the most widespread
use. FROG has been demonstrated for pulses of 4.5-fs
duration.” So far, in the sub-10-fs range, noncollinear
setups have been used exclusively.

For few-cycle pulses, a limitation in a noncollinear
beam geometry arises because of the finite crossing
angle of the two beams. In this case the temporal
delay between the two beams is different in the cen-
ter and in the wings of the spatial beam profile. For
this reason, collinear geometries have always been pre-
ferred for autocorrelators in the sub-10-fs range. To
keep geometrical blurring artifacts small and to pre-
vent temporal resolution from being reduced, one has
to choose a crossing angle as small as possible.® For
example, an overlap of the two beams at the 1/e
points in the far field results in a temporal resolution
of 0.15 optical cycle, i.e., 0.4 fs at an 800-nm center
wavelength.” To avoid interference of the two beams
without excessive geometrical blurring in noncollinear
FROG, one chooses a larger crossing angle and images
the central part of the conversion zone onto an aper-
ture.” In principle, this procedure allows for nearly
arbitrarily high temporal resolutions. For extremely
large bandwidths, care has to be taken not to intro-
duce spectral shaping at the aperture, for example,
as a result of a possible frequency-dependent laser
mode size.>®

In this Letter we present a sub-10-fs collinear FROG
apparatus based on type II phase matching. Recently,
collinear type II second-harmonic generation (SHG)
FROG was demonstrated for the measurement of 20-fs
pulses in the focus of a high-numerical-aperture objec-
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We apply this technique for the full
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tive.'® Here we discuss the modifications and condi-
tions needed for ultrabroadband operation of a collinear
type II SHG FROG apparatus.

In addition to fulfilling the usual bandwidth re-
quirements, one must take particular care to avoid
polarization-dependent pulse shaping in a type II
setup. Otherwise, an asymmetry of the measured
FROG traces will occur. To avoid polarization depen-
dence of the beam splitting, we use near-normal 4°
incidence rather than the 45° conventionally used (see
Fig. 1). This scheme allows for a polarization-
independent bandwidth of more than 400 nm.
Asymmetry of the FROG trace can also be caused
by group-velocity mismatch (GVM) in the nonlinear
crystal. This axisymmetry can easily be avoided by
use of a sufficiently thin nonlinear crystal, whose use
is already dictated by the phase-matching bandwidth
requirements.
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Fig. 1. Collinear type II SHG FROG setup: BS’s, beam
splitters; PR, periscope for polarization rotation; HA, peri-
scope for height adjustment; FM, focusing mirror (25.6-cm
radius of curvature); SHG, nonlinear crystal (10-um-
thick type II ADP); OMA, optical multichannel analyzer.
Filled circles and arrows on the beam path display the
polarization state of the beam. The black filled shapes
represent silver-coated mirrors.
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With the crystal thickness approaching the coher-
ence length, non-phase-matched SHG processes will
make nonnegligible contributions to the observed
signal. For a 10-um B-barium borate crystal (point
group 3m) a significant contribution of second-
harmonic radiation is generated by the square
nonlinearity tensor element ds;.!! This light is po-
larized along the extraordinary axis, as is the type
IT signal. This gives rise to interference. To avoid
these delay-dependent distortions of the FROG trace,
we chose a material with higher crystal symmetry. In
our apparatus, we employ a 10-um-thick ammonium
dihydrogen phosphate (ADP) crystal (point group
42m). Now only one undesired mixing process is
contributing to the signal: The dy5 tensor element
generates SHG radiation polarized along the ordinary
axis. Because this light is polarized orthogonally to
the FROG signal, it is easily rejected by a polarizer or
subtracted as a constant background.

The ultimate limitation of temporal resolution in a
type II SHG FROG arises from GVM in the nonlinear
crystal. In principle, a GVM between the two orthogo-
nally polarized fundamental pulses causes an effect
similar to the geometrical blurring effect in a type I
SHG FROG. Ina10-um ADP crystal, GVM limits the
temporal resolution to 1.2 fs. This is either smaller
than or of the order of values published for type I SHG
FROG."%**

Figure 1 depicts our collinear type II SHG FROG
setup. Note the use of all-reflective optics wherever
possible and the dispersion-balanced configuration of
the beam-splitting scheme. Two identical dielectric
beam splitters (CVI Laser Corporation) with 300-um
thickness are used. The beam is polarized better than
1:100 after the out-of-plane polarization rotation. Un-
wanted type I radiation is suppressed by a broadband
Glan—Thompson polarizer. Additional filtering is re-
quired for suppression of fundamental light. For this
purpose, we use 1 mm of Schott BG3 colored glass and
four bounces on two broadband dielectric UV —visible
mirrors (New Focus). The spectra are recorded on a
0.3-m optical multichannel analyzer equipped with a
300-groove/mm grating and a UV-enhanced 1024 X
128 pixel CCD camera. Wavelength-dependent sensi-
tivity of the detection system is measured with a cali-
brated white-light source. The recorded FROG traces
are corrected for spectral dependence of conversion and
detection efficiency.

To demonstrate the ultrafast type II FROG setup,
we characterize pulses from our Kerr-lens mode-locked
Ti:sapphire laser.’ These pulses have a Fourier
limit of 7.4 fs. Measured and reconstructed FROG
traces with a grid size of 128 X 128 points are
shown in Fig. 2. The measured FROG trace does not
exhibit any indications of excess GVM or polarization-
dependent pulse shaping, as is indicated by the
symmetry of the measurement. Excellent symme-
try is observed even for the broadest spectra with
Fourier limits as short as 5.3 fs. Pulse reconstruction
is performed with commercial software (Femtosoft
Technologies). The FROG error of this reconstruction
amounts to 0.0032. Some imperfections in the mea-
sured FROG trace can be attributed to the residual

interference fringes in the unfiltered input data.
Noise increases in the spectral wings as a result of the
reduced colored glass filter transmission at these wave-
lengths. In Fig. 3 the reconstructed pulse profile and
spectrum are shown. The width of the temporal in-
tensity profile is 9 fs, indicating uncompensated chirp.
The divergence of the spectral phase below 700 nm and
above 900 nm is caused by the phase properties of the
output coupler. In the time domain, together with the
modulated shape of the spectrum, this uncompensated
high-order dispersion results in a pulse pedestal
with less than 15% of the pulse peak power. The
small sinusoidal oscillations observed in the spectral
phase are explained by group-delay oscillations of the
double-chirped mirrors'® used for external dispersion
compensation.

To supplement the internal consistency checks of
the FROG method (Fig. 4),° we made comparisons
with independent pulse-characterization tools. Fig-
ure 3 shows a comparison of the reconstructed and
the measured fundamental pulse spectra. Some of the
slight disagreement between the two spectra or be-
tween the measured and the calculated frequency mar-
ginal (Fiig. 4) can be attributed to frequency-dependent
mode-size effects. These effects are a well-known
problem that is inherent in Kerr-lens mode-locked
lasers.’
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Fig. 2. Measured and reconstructed FROG trace (loga-
rithmic contour spacing, lowest contour at 0.6% of peak).
For display purposes, residual fringes in the measured
FROG trace have been removed by Fourier filtering. They
are not strong enough to affect the reconstruction of the
pulse.
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Fig. 3. Reconstructed temporal intensity profile with a
full width at half-maximum of 9 fs (left), spectrum (right,
solid curve), and spectral phase (right, dashed curve).
Additionally, the independently measured spectrum is
plotted at the right (dashed-dotted curve). Intensity and
phase are scaled on the left and right vertical axes,
respectively.
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Fig. 4. Measured frequency marginal (filled circles,
dashed curve) and autoconvolution of the separately
recorded fundamental spectrum (solid curve).
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Fig. 5. Comparison of the independently measured IAC
(circles) with the IAC calculated from the reconstructed
spectrum and phase (solid curve).

Figure 5 depicts the good agreement of the interfero-
metric autocorrelation (IAC) calculated from the FROG
data with the measured IAC. We observed that the
assumption of analytical pulse shapes usually leads to
unsatisfying fits of the IAC and often to large errors
in the estimated pulse duration. For example, a sech?
fit to the IAC would yield a pulse duration of 7 fs, a
duration significantly below the 9 fs measured with
FROG and below the transform limit of the spectrum.
Clearly, if the spectrum already indicates strong de-
viations from simple analytical shapes, deconvolution
of the autocorrelation under an a priori assumption of
such a particular pulse shape is not justified. This
finding strongly confirms the need for accurate and
easy-to-use characterization tools for sub-10-fs pulses.

Complete characterization of pulses in the sub-
10-fs regime is still a challenging task. At first sight,

the type II SHG-FROG geometry seems to intro-
duce additional complications. However, suppression
of polarization-dependent pulse shaping and GVM
can easily be accomplished by proper optical design.
In turn, geometrical blurring effects are completely
avoided in a collinear technique. The temporal resolu-
tion can be calculated exclusively from nonlinear crys-
tal properties. Moreover, the apparatus is simple to
align. Sub-fs resolution of a type II SHG FROG can
be achieved by use of low-dispersion nonlinear optical
materials, such as KDP and ADP, with small GVM.
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